We present our experimental and theoretical study on Co diffusion in the first few atomic layers of Cu(001). While the diffusion of Co atoms in Cu(001) is usually expected to be intense at a temperature T 800 K, in the vicinity of the surface, it is already activated at a considerably lower temperature T ∼ 650 K whereas the diffusion in the deep bulk region is still inhibited. This intense near-surface diffusion provides an accumulation of Co atoms in the first six atomic layers upon a single stage Co deposition. The details of the near-surface diffusion are studied by analyzing the distribution of the location depth of the buried single Co atoms. The depth of location of single Co atoms is deduced from scanning tunneling microscopy (STM) data. The subsurface Co atoms induce a perturbation of the electron density of states of the surface which is observable as apparent ringlike ripples in the STM images of the atomically flat Cu surface. The depth of location of the buried Co atoms is determined from the diameter of those rings. The largest amount of Co atoms is found to be in the third layer, emphasizing that the near-surface diffusion should be described by diffusion parameters different from those for bulk diffusion. A model that describes the embedding process of Co atoms into Cu(001) layers is developed. The model assumes Co atoms to diffuse via the vacancy and ring-exchange mechanisms. The energy barriers for the interlayer Co diffusion via those mechanisms are calculated using the nudged elastic band method. The model satisfactorily explains the experimental results. Our study reveals that the energy barriers for Co diffusion in the first five atomic layers of Cu(001) are lower than those in the bulk. This defines the region in which Co diffusion should be considered as a near-surface one.
I. INTRODUCTION
Studies on atomic diffusion in solids, thin-film growth, and subsurface nanoclusters show that diffusion in the vicinity of the surface can not always be explained by implementing the bulk values of diffusion parameters [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . This implies that the process of diffusion is affected by the proximity of the surface. The discrepancy between the diffusion in the near-surface region and in the deep bulk raises the following question: until what depth the proximity of the surface affects this process? This question is addressed in the present work for the case of near-surface diffusion of single Co atoms in Cu(001). The near-surface diffusion is considered important, for example, in the thin-film technology where it results in intermixing at the interface.
Despite the fact that the Co-Cu(001) system has been studied extensively, studies on Co diffusion were done mainly for the diffusion on the surface, into, and across the first layer, as well as in the deep bulk. They provide the surface and bulk values of the diffusion parameters that have been reported elsewhere [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . On the other hand, Co diffusion in the region close to the Cu(001) surface has rarely been investigated. Here, we present a detailed study on this nearsurface process, and show how the values of Co diffusion parameters vary in the near-surface region and converge towards their bulk values.
The experiment to study the near-surface diffusion requires a condition where it can be easily distinguished from the bulk diffusion. This requirement is met when the diffusion in the near-surface region is intense while being inhibited in the deep bulk. Since diffusion is thermally activated, achieving this condition needs a careful determination of the experimental temperature. Diffusion is considered intense when the rate of atomic jumps is sufficiently high, which is higher than ∼1 min −1 regarding our experiment. The rate of atomic jumps f is determined by the temperature T via the relation
where Q is the energy barrier of the atomic jump, k is the Boltzmann constant, and f 0 is the attempt frequency, which is assumed to be equal to the Debye frequency. The activation energy for the jump of a Co atom into the first layer of Cu (001) is up to ∼1 eV [19] [20] [21] . Implementing this value into Eq. (1), one can deduce that the diffusion into the first layer is intense at T 350 K [16] [17] [18] [19] [20] [21] . Considering the activation energy of the jump of a Co atom in bulk Cu E b = 2.22 eV [24] , an intense bulk diffusion should be achieved only at a much higher temperature T 800 K. Assuming the proximity to the surface facilitates Co diffusion, the temperature range that meets the requirement of our experiment should be expected to lie in between 350 and 800 K. The experimental evidences that validate this prediction can be found in previous reports. Co depositions on Cu(001) at 540 and 650 K result in the selfburying of Co below the surface as reported in Refs. [13, 14] . Although not established in Ref. [13] , in Ref. [14] , this burying process is attributed to the near-surface diffusion. Yet neither the mechanisms nor the corresponding physical parameters are in the scope of those reports. Bulk diffusion 2469 at the experimental temperatures. Considering this, one can deduce that the temperature range of 540-650 K provides the condition that is required in our experiment on the near-surface diffusion.
Based on the discussion above, we performed the experiment by depositing Co on a Cu(001) substrate at 650 K. We experimentally found that Co atoms do not stay on or in the first layer of the substrate upon such a deposition. Instead, they diffuse into the subsurface region and accumulate in the first few subsurface atomic layers of the substrate. To study the details of that diffusion, the distribution of the depth of the location of the buried Co atoms is analyzed. The depth of location of single Co atoms was determined using scanning tunneling microscopy (STM) [26, 27] . The distribution of the depth of location reveals that the largest amount of Co atoms is in the third layer. Our experimental findings could not be explained if Co diffusion in the first few subsurface layers were described using the surface or the bulk values of Co diffusion parameters. To provide an explanation for the experimental results, a theoretical work that elucidates Co near-surface diffusion in Cu(001) was carried out. A model that describes Co diffusion in the near-surface region of Cu(001) is proposed where realistic diffusion mechanisms are presented. To our knowledge, such a modeling was either never or only done incompletely in previous reported works. The energy barriers for Co diffusion in the first few layers of Cu(001) as well as in the deep bulk have been calculated. Using the model, the experimental results are well explained. This paper is organized as follows. The general description of the experiment is given in the next section. In Sec. III, the burying of Co atoms and the distribution of Co in Cu(001) are presented and discussed. The theoretical modeling is presented in Sec. IV. The comparison between the experimental and theoretical results is given in Sec. V. Section VI summarizes this report.
II. EXPERIMENT
The experiment was performed in an ultrahigh vacuum system with a low-temperature STM (LT-STM) (Omicron). The samples were fabricated and analyzed in situ. The sample with Co atoms embedded in it was obtained by depositing a small amount of Co [<0.1 monolayers (ML)] on a Cu(001) substrate at 650 K. Before the deposition, the substrate was cleaned using a standard sputtering-annealing procedure. The deposition rate was ∼0.2 ML min −1 and the base pressure was <5 × 10 −10 mbar. After the deposition, the sample was cooled down in ∼30 min to reach the room temperature before being introduced into the LT-STM.
The sample was characterized using STM. The measurements were performed at 78 K with a base pressure <10 −10 mbar. The STM imaging was done at the constant-current mode, providing topographic maps of the samples surface. The buried Co atoms induce specific features that are observed in the STM images. The detailed description of the features is given in the next section. These features are used to determine the location of the subsurface Co atoms. 
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Burying of Co atoms below the Cu(001) surface Figure 1 (a) presents a typical STM image of Cu(001) after the deposition of <0.1 ML Co. It shows two atomically flat terraces with a height difference ∼180 pm, corresponding to the interlayer spacing in Cu(001) d Cu [ Fig. 1(b) ]. The topographic maps reveal no islands on the surface. Moreover, we did not observe Co atoms embedded in the first layer. Co atoms that were embedded in the first layer should have been observed as protrusions in the STM images of the atomically flat terraces acquired at a bias voltage in the range between −2.5 and +2.5 eV [16, 19, [28] [29] [30] [31] . Since such protrusions were never observed in our measurements, we conclude that there should be almost no Co atoms embedded in the first layer. All of these confirm that at 650 K Co atoms neither stay on the surface nor in first layer of Cu(001). Instead, they go into the region below the first layer as was also reported previously [13, 14, 32] .
Nevertheless, the STM images of the atomically flat terraces are not exactly the same as those of a clean Cu(001) substrate that contains no Co. The topographic maps of the samples with buried Co atoms reveal ripples on those terraces [ Fig. 2(a) ]. The ripples are of ringlike shape with their diameter ranging 195435-2 from ∼0.5 to ∼2.0 nm. In principle, the apparent ringlike ripples could be induced by surface impurity atoms. Impurity atoms that are embedded in the first layer scatter surface electrons, inducing oscillations of the electron density of states at the surface that are imaged as concentric ripples in the STM images. Such oscillations are mainly observed in the STM images of surfaces that provide 2D electron states associated with the surface states. This situation is well known for Cu(111) [33] [34] [35] [36] . Unlike the case of Cu(111), the STM images of Cu(001) show no oscillations of surface electron density of states that are induced by surface impurities. Moreover, the apparent ringlike ripples that are induced by surface impurities always show several periods of oscillations which were never revealed in our experiments. Therefore the ringlike ripples that are observed in our measurements should not be attributed to the surface impurity atoms.
The apparent ringlike ripples that are observed in our experiment are similar to those observed by Weismann et al. in the STM images of the atomically flat Cu(001) and Cu(111) surfaces with single Co atoms buried below them [26] . They are due to the perturbed surface electron density of states, which is caused by the subsurface scattering of substrate electrons. The subsurface Co impurities act as scattering centers [26, 27, 37] . The shape of the ripples in general is nearly circular, while the exact shape is determined by the electronic band structure of Cu. Thus the ringlike ripples that are observed in our experiment identify single Co atoms that are hidden below the Cu surface.
The remarkable self-burying of Co atoms below the surface at the temperature of 650 K would not be expected if the properties of the second and deeper layers of Cu(001) were assumed to be the same as those of the deep bulk. Considering the low-energy barrier for the incorporation of a Co atom from the surface into the first layer, which is only up to ∼1 eV [20, 21] , this process takes less than 10 μs at our deposition temperature as deduced using Eq. (1). With an energy barrier of E b = 2.22 eV, the typical time required for a Co atom to jump from one into another lattice point in the bulk Cu at 650 K is ∼7 hours. Taking into account the deposition rate and the experimental time scale, Co would have accumulated in the first layer if the energy barriers for the diffusion into the second and deeper atomic layers were equal to E b . This is in contrast with our observation which reveals no Co atoms in the first layer after a deposition on a hot Cu(001). It means the energy barrier for Co diffusion in the near-surface region should be lower than E b , providing the accumulation of Co atoms into that region.
The conclusion above implies that the energy barrier for Co diffusion in Cu(001) is depth dependent. Since the rate of Co migration into different depths is determined by the energy barrier for diffusion, the distribution of the depth of location of the buried Co atoms reflects this depth dependency of the barrier. The discussion and further data about the depth distribution are presented in the following section.
B. Co distribution in Cu(001)
The distribution of the depth of location of the buried Co atoms is determined by analyzing the apparent ringlike ripples similar to those in Fig. 2 size of each apparent ring corresponds to the depth of location of the impurity atom [26, 27] . In general, the shape as well as the relation between the size of the specific ripple structures and the depth of the impurities can be complicated, depending on the band structure of the host material. Particularly for an impurity in Cu(001), the characteristic ripple structure has a roughly circular shape. The diameter of the ringlike ripple structure can be approximated by a simple formula [26] [ Fig. 2 
This formula was used to deduce the depth of location of the Co atoms in the Cu substrate from the diameter of the apparent rings revealed by STM images. The distribution of the depth of location of Co atoms is obtained by analyzing an ensemble of rings shown by STM data. To inspect the reproducibility of the resulting distribution, the analysis was carried out on two samples that were fabricated with a similar procedure. The diameter of the ripples was measured along the 100 directions and calibrated to the atomically resolved images. The diameters are found to cluster around averaged values that differ by around a multiple integer of 360 pm with some variations of ∼100 pm (see the inset of Fig. 3 ). By applying Eq. (2) to the diameters in each cluster, the distributions of the depth of Co location are obtained as presented in Fig. 3 . In the presentation of the distributions, the number of entries that correspond to each depth is normalized to the total number of entries in the corresponding data sets. The blue-filled triangles and the black-filled squares present two distributions that are obtained from the aforementioned two samples. Both distributions are consistent, showing the reproducibility of the observed distribution. To emphasize that there are almost no Co atoms embedded in the first layer, an auxiliary point is added in the plot as a red-filled circle (pointed by an arrow). The depth of this extra point corresponds to the estimated distance between the surface and the center of the atoms in the first layer, which is obtained by approximating the Cu atoms as hard spheres.
The distributions in Fig. 3 reveal that the depths of location of Co atoms differ by around the multiple integer of 180 pm. Such depth differences are correlated to the multiple integer of interlayer distance in Cu(001) d Cu . Since Co atoms are very unlikely to form interstitials in Cu(001), they should be embedded in the atomic layers of the substrate. Based on this, the depths of location of Co atoms presented in the distributions are attributed to the layers of Cu(001).
The distributions of Co in Cu(001) reveal two main features. (1) The deposited Co atoms are embedded in the second up to the sixth atomic layers with almost no Co embedded in the first layer. (2) The largest number of Co atoms is in the third layer. The first feature is in good agreement with our previous report that shows efficient incorporation of Co in Cu(001) takes place in the region of ∼1 nm deep upon a deposition at 650 K [14] .
The distribution maximum, which lies in the third layer, is a point for a deeper discussion. Simply assuming that the energy barrier for the diffusion in the near-surface layers monotonically increases towards the bulk value, one should expect the maximum of the distribution to lie at the first layer. The actual position of the distribution maximum implies that the depth dependency of the energy barrier for the diffusion is more complicated. To elucidate this depth dependency, the profile of the distribution is analyzed further where the factors that determine the distribution profile are considered.
C. Factors that determine Co distribution in Cu(001)
The distribution of Co in Cu(001) layers is determined by the rate of migration of Co atoms into those layers. The rate is dependent on the energy barriers of the interlayer migration via different mechanisms as well as the energetics of Co in Cu(001). The migration of Co atoms from one into another layer can take place via the vacancy as well as the ring-exchange mechanisms [38] . These mechanisms have different activation energy thus contributing differently to the overall migration rate. Moreover, the energy due to Co embedding in one layer of Cu(001) can be different from it in the other layers. Such difference of energy can result in the imbalances of the energy barriers for the interlayer migration.
Co migration via the vacancy mechanism occurs when one atom [ Fig. 4(a) ] or several neighboring atoms [ Fig. 4(b) ] shift their positions due to the jump of a vacancy. The probability that a Co atom migrates via this mechanism is determined by the chance that a vacancy meets the shifting atom(s), which depends on the concentration and the mobility of vacancies. These are given by the activation energy of vacancy diffusion E vac , which is the sum of the vacancy formation energy E F and migration energy E M ,
The concentration of vacancies in the subsurface of Cu(001) at the actual temperature in the experiment is very low. The vacancy concentration n can be estimated using the relation
In the bulk region, the reported experimental values of vacancy formation energy range from 1.17 ± 0.11 to 1.30 ± 0.05 eV [39] [40] [41] [42] . This means the vacancy concentration in the deep bulk is less than 10 −9 . In the first few subsurface layers, the vacancy formation energy can differ from the bulk value by 0.126 eV as has been shown in a theoretical paper by Wang et al. [43] . Applying the values that are reported in Ref. [43] into Eq. (4) gives an estimated vacancy concentration of the same order as the concentration in the bulk. On the other hand, vacancies are very mobile in Cu at the experimental temperature. The mobility of vacancies is characterized by the migration energy. The reported experimental values of migration energy in the bulk region are in the range between 0.76 ± 0.04 and 0.91 ± 0.05 eV [39] [40] [41] [42] . Near the surface, vacancy migration energy can differ from the bulk value by 0.05 eV as shown in the calculation in Ref. [43] . Implementing these values of migration energy into Eq. (1) yields an estimated vacancy jump rate as high as in the order of 10 7 s −1 . The migration via the ring-exchange mechanism occurs when two [ Fig. 5(a) ] or more [ Fig. 5(b) ] atoms exchange positions in a cyclic manner. The migration with this mechanism involves local elastic distortions of the substrate lattice, thus requires higher energies compared to the activation energy of the vacancy-assisted migration [38, 44] number of the involved atoms requires higher correlation of the motion of the atoms, causing it very unlikely for an exchange that incorporates more than three or four atoms to take place [38] . In the bulk region, the cyclic-exchange process involves the local elastic deformation of the bulk lattice, causing the energy barrier for this process to be much higher than it is for the vacancy mechanism. In the near-surface region, the distortion involves less lattice points compared to it in the bulk process. This may lead to an energy barrier that is lower than the bulk value.
The energetics of the Co-Cu(001) system favors Co to be located below the first layer rather than on the surface or in the first layer [45, 46] . A detail theoretical work by Levanov et al. shows that the locations of a single Co atom in the first two atomic layers of Cu(001) provide higher energies than the locations in the deeper layers [45] . In that work, they show that the difference of energy due to the embedding in the first and second layer is larger than it is due to the embedding in the second and deeper layers. These energy differences affect the apparent height of the barriers for the diffusion in the direction towards the bulk region and towards the surface. This results in imbalances in the migration from the second (third) layer into the first (second) layer and the migration in the other way around. To determine the actual imbalances, the energy barriers for the interlayer migration need to be calculated. This calculation is presented in the next section.
IV. MODELING
To understand the origin of the features shown in the experimental plot, the embedding of Co atoms into the layers of Cu(001) is modeled. In our model, the interlayer migration of Co atoms is described based on the discussion in Sec. III C. The migration of Co atoms is approximated as the migration of single Co atoms, which do not interact with each other because of the low concentration of Co atoms in the substrate in the actual experiment. The energy barriers for the interlayer migration are determined theoretically. The calculated energy barriers are used to calculate the rate of embedding of Co atoms into the layers of Cu(001) and the distribution of Co atoms in those layers upon the deposition at 650 K.
A. Description of the model
The embedding of Co atoms into the Cu substrate starts with the incorporation of the deposited atoms into the first layer. Taking into account the energy barrier for the embedding of a Co atom into the first layer of Cu(001), which is up to ∼1 eV [20, 21] , this process takes only <10 μs after a Co atom arrives on the 650-K Cu(001) as already mentioned in Sec. III A. This time is extremely short compared to the time scale of the experiment. Thus the embedding into the first layer is assumed to happen immediately once a Co atom lands on the hot surface.
The Co atoms in the first layer can actually go back to the surface. This process requires an energy which is higher by ∼0.5 eV compared to the energy barrier for the embedding into the first layer. The difference between these energy barriers is due to the different energy provided by the locations on the surface and in the first layer [45] . It results in the rate of the process of going back onto the surface being only ∼10 −4 times the rate of the embedding process. Based on this, the process of Co atoms moving back from the substrate onto the surface is neglected.
The Co atoms that are embedded in the substrate undergo interlayer migration via the vacancy and the ring-exchange mechanisms. The migration via the vacancy mechanism takes place when a Co atom jumps into a neighboring vacancy or when a Co-Cu dimer moves due to a vacancy jump (see Fig. 4 ). To have these processes occurring, energies to form the vacancy and to have the vacancy jumping are required. The energy to form a vacancy in the j th layer of Cu (001) is E F j . The interaction between a vacancy and Co can lead to a different formation energy of a vacancy when Co is nearby. In the model, the Co-vacancy interaction is accommodated by a difference in the formation energy of a vacancy located next to a Co atom. The formation energy of a vacancy in the j th layer with the presence of a Co atom next to it in the i = j ± 1-th layer is E F j + i,j . The energy barrier for the jump of a Co atom in the ith layer into an adjacent vacancy in the j = i ± 1-th layer is E Co,vac i→j . The energy barrier for the migration via the shift of a Co-Cu dimer due to a vacancy jump is E dim,vac i→j . The interlayer migration via the ring-exchange mechanism is assumed to involve not more than three atoms. The exchange that involves only a Co atom in the ith layer and a Cu atom in the j = i ± 1-th layer has an energy barrier of E Co,Cu i→j . The exchange involving three atoms is described as a cyclic exchange of a Co-Cu-Cu trimer in the (111) plane as described in Fig. 5(b) . The energy barrier for the migration of a Co atom in the ith layer into the j = i ± 1-th layer via this process is E trim i→j . The model that is described above requires the energy parameters to be determined. For this, a theoretical work to determine the energy barriers for the processes that are considered in the model is carried out.
B. Calculation methods
To determine the parameters that characterize processes that are taken into account in the model description, the characteristic energies of the Co-Cu(001) system as well as the energy barriers for the Co migration are calculated. The characteristic energies of the Co-Cu(001) systems are calculated using the molecular statics simulation. The energy barriers are calculated using the nudged elastic band (NEB) method [47] .
In the calculations, the interaction between atoms is described by the interatomic potentials formulated in the second moment of the tight-binding approximation [48] . This formulation has been demonstrated to be well applicable for the Co-Cu system [45, 46, [49] [50] [51] [52] . The attractive term (the band energy), E i B , contains the many-body interaction. The repulsive term E i R is described by pair interactions (BornMayer form). The cohesive energy E C is the sum of the attractive and the repulsive terms, i.e., 
Here, r ij is the distance between the atoms i and j , α and β describe the type of atoms, ξ αβ is an effective hopping integral, p αβ and q αβ are parameters describing the decay of the interaction strength with the distance between atoms, while r Table I ) are taken from Ref. [49] . The fitting procedure is described in Ref. [45] . The reliability of the potentials for the case of Co atoms embedded in Cu(001) has been demonstrated in previous works [50] [51] [52] .
The system of Co embedded in Cu(001) is simulated by a slab of atoms containing Co and Cu. The slab is twelve atomic layers thick and each layer consists of 4000 atoms. The position of the atoms is determined in a fully relaxed geometry with the two bottom layers fixed. Periodic boundary conditions are applied in the two lateral directions to simulate the Cu(001) substrate. For the investigation of the bulk properties, periodic boundary conditions are applied in three dimensions with no atoms fixed. In the calculations, the cutoff radius for the interatomic potentials is set to 6.0Å. Besides that, the imbalances between the energy barriers for the migration in the direction towards the surface and the migration in the other way around are also revealed. In the first three atomic layers, the energy barriers for Co migration towards the surface are higher by 0.018 eV up to 1.198 eV compared to those for the migration towards the bulk. Such imbalances are due to the different energies provided by the locations of a single Co atom as well as a single vacancy in the layers of Cu(001). Our calculations reveal that the energy due to the embedding of a Co atom in the first layer is higher by 0.451 eV compared to it due to the embedding in the second layer, while Co embedding in the second layer leads to an energy being higher than it is in the third layer by 0.054 eV. The calculated energy of the system of Cu(001) with a vacancy in the second layer is higher by 0.763 eV and 0.036 eV compared to those where a vacancy is located in the first and third layers, respectively. The energy of the system with a vacancy in the third layer is found to be higher by 0.011 eV than it is for a vacancy located in the fourth layer. These are in good qualitative agreement with the results reported in Refs. [43, 45] .
C. The energy barriers
The presented calculation results suggest that the ringexchange mechanism is not dominant in the interlayer migration of Co. The energy barriers for migration via the ringexchange mechanism are much higher than the barriers for the F j , the energy due to the interaction of a Co atom in the ith layer and a vacancy in the j th layer i,j , the total energy barrier for Co migration due to the exchange with a vacancy E Co,vac A i→j , and due to the shift of a Co-Cu dimer E dim,vac A i→j . The energies are presented in eV. vacancy-assisted Co shifts. Moreover, the energies required to realize the ring-exchange mechanism are considerably higher than the experimental value of activation energy of Co diffusion in Cu E b = 2.22 eV except for the migration from the first into the second layer. Co migration via the vacancy mechanism is mainly due to the exchange between a Co atom and a neighboring vacancy. The migration due to the shift of a Co-Cu dimer due to a vacancy jump in general requires considerably higher energies compared to the Co-vacancy exchange. Considerably low-energy barriers for the Co-Cu shift are found only for the case where a vacancy jumps from the third into the first layer. Such shifts only provide the migration of Co into the second and the third layers. The vacancy-assisted migration into the deeper layers is due to the hopping of single Co atoms into vacancies.
To inspect the role of the vacancy mechanism in Co migration in Cu, the total energy barriers for the migration processes that involve the vacancy jump are determined. For this, the formation energy of a vacancy in different layers of Cu(001) is calculated. Two cases are considered. The first case is when the vacancy is formed in Cu(001) without the presence of Co. The second one is when a vacancy is formed adjacent to a Co atom in the neighboring layer. The difference of the formation energies that are obtained in these two cases gives the energy difference i,j that accommodates the interaction between a Co atom and a vacancy as described in Sec. IV A.
The calculated formation energy of the vacancies, the energy due to Co-vacancy interaction, and the energy barriers for Co vacancy-assisted migration are presented in Table III . The calculation results show that the formation energy of a subsurface vacancy decreases towards the bulk value. The bulk value is achieved for a vacancy that is located in the fifth and deeper layers. The energy due to the Co-vacancy interaction shows significant differences from the bulk value when the Co atom and the vacancy are located in the first two layers.
The total barriers for the vacancy-assisted Co interlayer migration are calculated by summing up the vacancy formation energy, the energy due to the Co-vacancy interaction, and the energy for the shift of a Co atom or a Co-Cu dimer due to the vacancy jump. The calculated total energy barriers for the migration via the vacancy mechanism are considerably lower than those for the migration via the ring mechanism. This confirms that the vacancy mechanism is the dominant mechanism in the Co interlayer migration in Cu(001). Moreover, the bulk value of the total barrier for the exchange between a Co atom and a vacancy E Co,vac A, bulk = 2.376 eV is closer to the experimental value of the activation energy of Co diffusion in bulk Cu E b = 2.22 eV than the other calculated bulk values of the energy barriers for the migration. Therefore our calculation leads to the conclusion that the Co-vacancy exchange is the main mechanism in Co diffusion in bulk Cu.
D. Calculation of Co distribution in Cu(001) layers
Based on the description of the model, the distribution of Co in the layers of the substrate is calculated. It is done by determining the rate of migration of Co atoms into each layer of Cu(001), which is described in the following paragraphs.
Since the embedding of Co into the first layer is assumed to take place immediately upon the landing of the deposited atoms on the hot Cu(001), the rate of embedding of Co atoms from the surface into the first layer equals the deposition rate F . The rate of the migration of Co atoms from the ith layer into the j = i ± 1-th layer, ν i,j , is the sum of the rates of migration via different mechanisms, 
where the quantities ν 0 = 12.7 THz and ν dim 0 = 277.5 THz are prefactors for the diffusion of Co adatoms and Co-Co dimers calculated in the framework of the classical transition state theory [53] . The values that are used in the calculation are typical for jumps and exchanges of atoms on the Cu(001) surface [54] . The value of ν trim 0 is assumed to be equal to ν dim 0 . The factor n vac j is the vacancy concentration in the j th layer. It is determined using the formula
where
Here, G F j and S F j are the Gibbs free energy and the entropy for the formation of a vacancy in the j th layer, respectively. The Gibbs formation energy of vacancy formation is determined as follows.
The Gibbs free energy for the formation of a vacancy in the bulk region G (001) is given by the following system of differential equations:
where n i is the Co concentration in the ith layer of Cu(001). In our calculation, the interlayer migration in the first ten layers is considered. The deposition rate F is 0.2 ML min −1 for 0 t 30 s and 0 for t > 30 s. The set of equations above are solved for T = 650 K, giving the distributions of Co in Cu(001) at the time when the deposition stops (t = 30 s, black-filled squares), at t = 10 minutes (red-filled circles), and at t = 55 minutes (blue-filled triangles) as presented in Fig. 6 .
V. DISCUSSION
Our model provides the explanation for the features that are revealed by the experimental plots in Fig. 3 . The calculated distributions presented in Fig. 6 reveal almost no Co atoms are embedded in the first layer, confirming the experimental observation. The low-energy barriers for the migration into the subsurface layers provide a significant Co migration from the first layer into the subsurface layers at 650 K. The considerable imbalances between the energy barriers for the migration from and into the first layer causes the rate of migration back into the first layer much lower than the migration into the layers below it.
According to our calculation, the maximum of the distribution at the third layer, which is revealed by the experimental plot, is not achieved directly upon the deposition. As shown by the black-filled squares in Fig. 6 , Co atoms are initially accumulated mainly in the second and third layers with the larger amount of them in the second layer. After the deposition stops, Co diffuses into the deeper layers where the rate of migration of Co atoms from the second layer into the third layer is higher than the migration the other way around due to the imbalances of interlayer migration energy barriers. As a result, the maximum of Co distribution shifts from the second into the third layer as shown by the distribution presented by the red-filled circles in Fig. 6 . Our calculation predicts that at 650 K the shift of the distribution maximum takes place within less than 3 seconds after the deposition stops (see the inset in Fig. 6 ). Considering the experimental condition, the calculation result suggests that the distribution maximum at the third layer was obtained during the cooling down process when the temperature of the sample was still considerably high.
The calculated distribution presented by the blue-filled triangles in Fig. 6 reproduces the features and the profile of the experimental plots. This approves that our model is able to capture the essential physical mechanisms of the Co nearsurface diffusion in Cu(001). Minor discrepancies between the experimental and the calculated distribution plots can be found, especially regarding the time scale. In our calculation, the distribution presented by the blue-filled triangles is achieved around 50 min after the deposition stops provided the sample temperature is kept at 650 K, whereas such a time is somewhat shorter in the experiment. Nevertheless, this difference in the time scale is actually insignificant as explained in the following.
The difference between the time scale in the calculation and in the experiment is attributed mainly to the inaccuracies of the calculated energy barriers. Besides that, simplification of the assumptions that are applied in the calculation of the distribution can also have some consequences in time scales. Due to the exponential dependency of the atomic jump rates on the energy barriers, slight deviations of the calculated energy barriers from the actual values can induce some discrepancy between the time scale in the calculation and the experiment. For the diffusion via the vacancy mechanism, which has been concluded as the main mechanism for Co diffusion in Cu (see Sec. IV C), the inaccuracies of our calculated energy barriers can be estimated from the variation of the reported vacancy formation and migration energy. From the variation of the values presented in Refs. [39, [41] [42] [43] [44] 55] , our calculated energy barriers also could be slightly inaccurate by several percent. Such small inaccuracies might have induced an overestimated calculated time by one or two orders of difference to achieve the profile presented by the blue-filled triangles in Fig. 6 . Based on this, the disagreement between the calculation and the experimental time scales is only a matter of small inaccuracies in the calculated energy barriers. Another factor that can contribute to the time scale difference are the assumptions that are applied in the calculation of the vacancy concentration. In the calculation using Eq. (12), the entropy of vacancy formation has been assumed to be equal to the bulk value for all layers while some deviations can be expected for the first few layers. In addition to this, the use of Eq. (12) to calculate the vacancy concentration assumes the sample to be in thermal equilibrium. In the actual experiment, a small temperature variation in the sample that is beyond the accuracy of our measurement could take place during the deposition. During the cooling down, the sample was actually in a quasithermal equilibrium considering the long cooling down time. Regarding the nonlinear relation between the vacancy concentration, the temperature, and the entropy for vacancy formation [56] , the deviation from the thermal equilibrium and the variation of the entropy for vacancy formation in the first few atomic layers could induce a difference between the calculated rate of interlayer migration from the actual one. Thus an exact quantitative agreement regarding the time scale is related to the used approximation, which is not an important aspect of this study. The fact that the features and the profile of the experimental plots are well reproduced by our calculation is sufficient to validate our model.
VI. SUMMARY AND CONCLUSIONS
We have discussed the diffusion of single Co atoms in the near-surface region of Cu(001). This near surface diffusion provides the embedding of single Co atoms in the first few atomic layers of Cu(001) upon a deposition at 650 K. The distribution of the depth of location of single Co atoms in Cu(001) has been analyzed to study the details of the embedding process. The depth of location is determined using STM. The distribution reveals the largest amount of Co atoms in the third layer while only a negligible amount of Co atoms is in the first layer. All of these put in evidence that the value of diffusion parameters is depth dependent. A theoretical work has been performed to provide the explanation for the experimental results. A model that describes the embedding process into Cu(001) layers is proposed. The energy barriers for the diffusion of single Co atoms into the atomic layers of Cu(001) were calculated. It is found that the energy barriers for the diffusion into the first five atomic layers are lower than those in the deep region where the bulk values apply.
As an additional value of this presented work, STM has been used to determine the depth of location of buried impurity atoms where the resolution of one atomic layer is obtained. This demonstrates that STM can be a powerful technique for subsurface studies which require depth determination with very high resolution.
